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Polychlorinated biphenyls (PCBs) and their metabolic derivatives are ubiquitous
environmental contaminants.  These compounds are of concern because of their
persistence and bioaccumulation in nature.  PCBs and the hydroxylated metabolites have
shown endocrine-disrupting activity. A method of detection in surface water samples is
important to identify and quantify the environmental contamination.  In this research we 
have attempted to develop a method of detection.  Six representative
polychloromethoxybiphenyls (PCMBs) were prepared.  The corresponding
polychlorobiphenylols, hydroxylated PCB metabolites (OH-PCBs), were prepared from
the PCMBs.  A method coupling solid phase extraction with liquid chromatography, on-
line electrospray ionization, and mass spectrometry (SPE-LC/ESI/MS) was developed for 
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Acetonitrile: ACN, CH3CN 
Atomic mass units: amu





Compound 4: 2,2,3,3,5- pentachloro-4-methoxybiphenyl
Compound 5: 2,3,3,4,5-pentachloro-4-methoxybiphenyl




Compound 4H: 2,2,3,3,5- pentachloro-4-biphenylol
Compound 5H: 2,3,3,4,5-pentachloro-4-biphenylol
Compound 6H: 2,3,3,5,5- pentachloro-4-biphenylol
Deuterated chloroform: CDCl3 





















































Methylene chloride: CH2Cl2 






Signal to noise: S/N
Sodium bisulfite: NaHSO3 
Sodium carbonate: Na2CO3 
Sodium hydroxide: NaOH 
Sodium sulfate: Na2SO4 














   
    
  
    
   
  
   
   
  
   
  
  
   
    




Polychlorinated biphenyl (PCBs) compounds are well known today as ubiquitous
environmental contaminants (1-9). They were commercially produced as dielectrics,
cooling fluids, lubricants, and flame retardants, and have been used in hydraulic fluids,
adhesives, and plasticizers (5, 10).  Production of PCBs was banned in 1976 in the United 
States and has been banned in other industrialized countries (5, 9).  However, the concern
surrounding these aromatic compounds arises from their persistence and bioaccumulation
in nature (3, 5, 6, 7, 8).  Hydroxylated (OH-PCBs) and methoxylated (PCMBs) PCBs are 
also of concern to the environment.
The OH-PCBs are formed in vivo as metabolites of the corresponding PCBs.  The 
mechanism of biotransformation may occur by direct insertion of the hydroxyl group or
by epoxide formation (9). The metabolites are formed by enzyme systems known as the 
cytochrome P450 monooxygenases (8).  PCBs are also converted to sulfates or
glucuronic acid conjugates in mammals(2).  Although the PCBs themselves are not 
appreciably excreted, the greater polarity of the metabolites facilitates excretion through
urine and bile (8, 9).  The lipophilic nature of PCBs causes them to bioaccumulate in
adipose tissue (9).  The OH-PCBs have been found in whole blood, plasma, breast milk,
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adipose tissue, and brain tissue(1, 3, 8, 9, 11). PCBs and their metabolites have been
noted in various organisms such as bacteria, fungi, rabbits, guinea pigs, rats, mice,
monkeys, humans, seals, whales, fish, and eagles (1, 5, 8, 12-15). 
Researchers have targeted mammalian, avian, and marine species exposed to
these types of contaminants to identify the compounds present and determine the 
mechanism and effects of the toxicity.  This research has indicated endocrine-disrupting 
activity for PCBs and its derivatives.  The effects on the estrogen and thyroid hormone 
systems are most notable.  Some hydroxylated metabolites have a similar structure to
thyroxine if the hydroxyl group of the PCB metabolite is in the para position to the
coupling bond (8, 16).  Refer to Figure 1.  Thyroxine is an uncommon amino acid and 
hormone synthesized in the thyroid.  It is found in the protein thyroglobulin, which is
involved in the endocrine system (16).  The structural similarity may allow the metabolite
to bind to the thyroxine receptor, and this is believed to be the most likely mechanism of
PCB endocrine-disrupting activity (8).  It is believed that exposure most often occurs
through the animals diet because PCBs are readily absorbed from the intestine (12).
Bottom-dwelling aquatic organisms are exposed through diet and gills (9).  Human
populations with high fish consumption, such as the Inuit, have high concentrations of
PCBs and the corresponding metabolites in whole blood samples (8).
I I Cl Cl 
HOOC CH H2C O OH OH 
NH3+ 
I I Cl Cl 












     
 
  
    
 
   
    
   
  
  





Figure 1: Structural Similarity Between Thyroxine and OH-PCB 
Three of the six metabolites used in this research, 3,3,4,5-tetrachloro-4-
biphenylol (2, 8, 9, 14, 15, 17), 3,3,5,5-tetrachloro-4-biphenylol (17), and  2,3,3,4,5-
pentachloro-4-biphenylol (2, 8, 11, 17, 18), have been previously synthesized and 
analyzed for toxicity.
Synthesis of PCB Metabolites
The ability to prepare PCBs and the corresponding metabolites is important to
further research about how organisms metabolize the contaminants, what effects are 
caused by the metabolites, and to develop detection methods.  This study aimed to
prepare six OH-PCBs from the corresponding PCMBs for analytical studies.
The synthesis of PCMBs can be performed using various methods including the 
Suzuki, Ullman, and Cadogan methods (5, 6).  The Suzuki method, used in this research, 
involves coupling a brominated or iodinated chloroanisole with a chloroaryl boronic acid
(or ester) via a palladium catalyst.  This method is advantageous because it does not yield 
much of the by-products arising from self-coupling of the starting materials.  The 
coupling between the aryl rings occurs specifically where the bromine is attached to the 
anisole and where the boron group is attached to the chlorinated benzene.  Suzuki
 
H3C  CH3 
CH3 CH3 
O O
B OCH 3 Cl Cl 
Cl Cl Cl 
CsF/ Pd catalyst + OCH 3
DMF/EtOH/H2O Cl Cl 
Cl Cl ClBr 
   
  
   



















     
 
   
     
    




coupling is less effective when chlorines are present in the ortho position to the coupling 
bond.  As the number of chlorines ortho to the coupling bond increases, the product yield 
significantly decreases or the reaction does not occur at all.  Suzuki coupling is more
time-consuming than the other methods.
Figure 2: Suzuki Coupling- Preparation of 2,2,3,3,5-pentachloro-4-methoxybiphenyl
The modified Ullmann method, also used by this researcher but not discussed 
here, is performed by coupling a brominated or iodinated chloroanisole with a 
brominated or iodinated chlorobenzene using a copper catalyst. The Ullmann method
yields all possible coupled products by coupling the rings via the iodine positions, as
indicated in Figure 3 below.  This reduces the yield of the desired product.  However, this
reaction requires fewer steps and much less time than the Suzuki method. The Ullmann
method also requires that the starting materials have the same active halogen group,
either iodine or bromine.  The coupling will not occur between brominated and iodinated 
materials.  (3,19,20)




























Figure 3: Ullman Coupling 
The Cadogan method uses a polychloroaniline and a polychlorobenzene to
prepare a PCB via diazotization of the aniline and thermal decomposition of the 
diazonium salt.  This method generates an aryl radical from the diazonium salt of the 
aniline, which then may substitute at each available hydrogen substituted position on the 
chlorinated benzene (21).  This method can be modified to couple a polychloroaniline 
with a polychloroanisole to prepare a PCMB, using the same procedure.
Figure 4: Cadogan Coupling 
   
    



















Tables 1 and 2 contain the assigned numbers, chemical names, and structures of
the PCMBs and OH-PCBs, respectively, that were prepared using the Suzuki method.
Table 1: Six PCMBs Prepared by the Suzuki Method
PCMB


















































Table 2: Six OH-PCBs Prepared from PCMBs
OH-PCB
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Well-defined analytical procedures are important to determine where in the 
environment the metabolites occur, to identify which metabolites are present, and to
estimate their persistence in the environment. The structures of the synthetic PCB 
metabolites were confirmed by IR, NMR, GC/MS, and from the precedents for how the 
synthetic reactions occur.  The aim of this study was to develop a method for quantitative 
detection of OH-PCBs in water samples.  The OH-PCB compounds were spiked into














   
 
   
 
 
    
 
 
   
  








The IR spectra of all the PCMBs were obtained using a MIDAC M-Series FTIR
spectrophotometer in conjunction with PIKE Technologies MIRacle Single Reflection
HATR (attenuated total reflectance) accessory for solid samples.
Nuclear Magnetic Resonance Spectroscopy (NMR)
Proton and carbon NMR data were obtained for each of the PCMB compounds in
CDCl3 using a Varian Mercury VX 400MHz nuclear magnetic resonance spectrometer.
Gas Chromatography/ Mass Spectrometry (GC/MS) 
The identity of all synthesized compounds was confirmed using GC/MS with
helium as the carrier gas.  A Varian Star 3400 CX gas chromatograph in tandem with a 
Varian Saturn 3 ion trap mass spectrometer was the instrument most often used for
identification.  A Varian Star 3600 CX gas chromatograph connected to a Varian
Chrompack Saturn 2000 ion trap mass spectrometer was also used.  A Varian Star 3400
gas chromatograph was used alone to identify substances when a retention time was
9 
H3C  CH3 
CH3 CH3 
O OHO OH BB 
ClCl CH3 CH3 acetone 
CH3 
OH OH Cl 
+ H3C 
Cl 
   
    





    
 
 




   














already known.  The same GC conditions were used for all instruments. The injector was
set at 220°C and the detector was set at 250°C.  All samples were dissolved in CH2Cl2 for
injection.
Procedures
Preparation of chlorinated benzene boronic esters
 A general method was used for the preparation of the three boronic pinacol esters
used in the later coupling syntheses.  The 2,3-dichlorobenzene boronic ester, 3,5-
dichlorobenzene boronic ester, and 2,3,5-trichlorobenzene boronic ester (for PCMB
compounds 1 and 4, 3, and 6 respectively) were prepared from the commercially
available corresponding boronic acids (Aldrich). The boronic acid (1mmol) was
dissolved in 30mL of acetone.  Pinacol (1.5mmol, 0.177g) was added and the solution
was stirred for approximately 20 minutes. The acetone was removed by a rotary-
evaporator.  The residue was dissolved in ether, washed with water, and dried with
Na2SO4.  The ether was then removed with a rotary-evaporator. The remaining solid was
used without further purification so the percent yield was not determined.
Figure 5: Preparation of 2,3-dichlorobenzene boronic ester









   
   
  








Preparation of 3,4-dichlorobenzene boronic acid
This benzene boronic acid (for PCMB compounds 2 and 5) was available 
commercially (Aldrich).
Preparation of 4-bromo-2,6-dichloroanisole 
The 4-bromo-2,6-dichloroanisole (for PCMB compounds 1,2,3, and 6) was
prepared from the commercially available 2,6-dichloroanisole (Aldrich) by modification
of the method described by Lehmler and Robertson (5).  Bromine (15mL, 2mmol/mL) in
glacial acetic acid was added to a solution of 2,6-dichloroanisole (10mmol, 1.76g) in
5mL of glacial acetic acid.  The solution was allowed to sit overnight. The reaction
progress was monitored by GC/MS.  At this time, a solution of 1g of NaHSO3 in 20mL of
water was added to the reaction solution to reduce the remaining bromine.  A color
change from orange to white occurred upon addition of the NaHSO3. The solution was 
extracted five times with 15mL of methylene chloride.  The methylene chloride extracts
were washed three times with 20mL water and dried with Na2SO4.  Residual 2,6-
dichloroanisole was still present in the final solution.  The 2,6-dichloroanisole was
allowed to evaporate. The resulting solid, 0.509g (20% yield), was 100% pure as
estimated by GC/MS data (see Figures A.1 and A.3).
OCH 3 OCH 3 
Cl Cl Cl Cl 
1. Br2/ CH3COOH 
2. NaHSO3 
Br 













    
 
   
    










Figure 6: Preparation of 4-bromo-2,6-dichloroanisole 
Preparation of 4-bromo-2,3,6-trichlorophenol
The 4-bromo-2,3,6-trichlorophenol (for PCMB compounds 4 and 5) was prepared 
from commercially available 2,3,6-trichlorophenol (Aldrich) by modification of the 
method described by Lehmler and Robertson (5). Bromine (10mL, 2mmol/mL) in glacial 
acetic acid was added to a solution of 2,3,6-trichlorophenol (10mmol, 1.96g) in 5mL of
glacial acetic acid.  The solution was stirred overnight.  The reaction was monitored by
GC/MS until no starting material was observed, see Figures A.1 and A.4.  A solution of
1g of NaHSO3 in 20mL of water was added to the reaction solution to reduce the 
bromine.  A color change from orange to white occurred upon addition of the NaHSO3. 
The solution was extracted three times with 15mL of methylene chloride.  The solvent
was removed by a rotary-evaporator.  The yield was not determined because the product
was used directly in the following step.
Preparation of 4-bromo-2,3,6-trichloroanisole
The brominated phenol was next methylated.  The solid 4-bromo-2,3,6-
trichlorophenol was dissolved in 13mL of 2M NaOH. Dimethyl sulfate, DMS, (2.5mL)
was added and the solution was stirred for 3 minutes.  The solution became a solid and 
OH OH OCH 3 
Cl Cl Cl Cl Cl Cl 
3. NaOH1. Br2/ CH3COOH 
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was allowed to sit overnight.  The reaction progress was analyzed by GC/MS the next
day.  No starting material was observed, see Figures A.1 and A.5.  The solution was
extracted three times with 20mL of methylene chloride.  The extracts were washed twice 
with 20mL of 0.5M NaOH. The extracts were then dried with anhydrous Na2SO4. The
solvent was removed by a rotary-evaporator.  This reaction yielded 2.420g (84%).
Figure 7: Preparation of 4-bromo-2,3,6-trichloroanisole
Preparation of 2,3,3,5-tetrachloro-4-methoxybiphenyl (Compound 1)
All the PCMBs (Compounds 1-6) were synthesized using a modified Suzuki-type 
coupling.  All synthesis procedures were performed under an argon atmosphere.
Compound 1 (2,3,3,5-tetrachloro-4-methoxybiphenyl) was prepared from
4-bromo-2,6-dichloroanisole (1.15mmol, 0.295g) and 2,3-dichlorobenzene boronic ester
(1mmol, 0.273g) with a base, cesium fluoride (3mmol, 0.456g), and 50mg of the catalyst
tetrakis(triphenylphosphine)palladium[0] in 10mL dimethyl formamide, 2mL ethanol,
and 2mL water.  The reaction mixture was stirred and refluxed at 80-90°C for 3hr. The 
reaction progress was followed by analyzing an aliquot of the mixture using GC/MS to 
determine the presence of starting materials and reaction products.  Once the reaction was
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remaining benzene boronic acid to a phenol so it would wash out with the base.  Water
(10mL) was then added to the mixture. The reaction products were extracted thrice with
methylene chloride (10mL), washed with a 2M sodium hydroxide solution (10mL),
washed again thrice with water (20mL), and dried with sodium sulfate.  Solvent was
removed using a rotary-evaporator.  The remaining residue was dissolved in boiling 
hexane, and then filtered to remove undissolved particles.  The solvent was removed 
from the filtrate using a rotary-evaporator. This residue was then dissolved in hexane and
purified on a column containing 75mL of silica gel.  The column was eluted with hexane.
GC/MS was used to monitor the purification procedure on the column.  The desired 
product was collected, and the solvent was evaporated from the product.  White needles
(132mg) were isolated giving a 39% yield.  IR spectroscopy, and carbon and proton
NMR spectroscopy were used in conjunction with GC/MS data to confirm the synthesis
of the PCMB (compound 1).  These data are included and discussed in Chapter IV.
Figure 8: Preparation of 2,3,3,5-tetrachloro-4-methoxybiphenyl (Compound 1)
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Preparation of 3,3,4,5-tetrachloro-4-methoxybiphenyl (Compound 2)
Compound 2 (3,3,4,5-tetrachloro-4-methoxybiphenyl) was prepared from
4-bromo-2,6-dichloroanisole (0.200g) and 3,4-dichlorobenzene boronic acid (0.150g)
(1:1mmol).  The same modified Suzuki-type coupling method and isolation techniques
were used as described for the synthesis of compound 1 except for the following 
differences.  Sodium carbonate (2:1mmol ratio to starting material, 0.160g)) was the base
used.  The reaction solvents were 46mL toluene, 22mL ethanol, and 0.75mL water. The 
solution was refluxed at 80-90°C for 22hrs.  Pale yellow flakes (247mg) were isolated 
giving a 98% yield.  IR spectroscopy, and carbon and proton NMR spectroscopy were
used in conjunction with GC/MS data to confirm the synthesis of the PCMB (compound 
2).  These data are included and discussed in Chapter IV.
Br 
Figure 9: Preparation of 3,3,4,5-tetrachloro-4-methoxybiphenyl (Compound 2)
Preparation of 3,3,5,5-tetrachloro-4-methoxybiphenyl (Compound 3)
Compound 3 (3,3,5,5-tetrachloro-4-methoxybiphenyl) was prepared from
4-bromo-2,6-dichloroanisole (0.295g)and 3,5-dichlorobenzene boronic ester (0.273g)
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16 
were used as described for the synthesis of compound 1 except for the following 
differences.  Cesium fluoride (3mmol, 0.456g) was the base used.  The reaction solvents
were 10mL dimethyl formamide, 2mL ethanol, and 2mL water. The solution was
refluxed at 80-90°C for 3hrs.  White flakes (234mg) were isolated giving a 72% yield.
IR spectroscopy, and carbon and proton NMR spectroscopy were used in conjunction
with GC/MS data to confirm the synthesis of the PCMB (compound 3).  These data are 
included and discussed in Chapter IV.
Figure 10: Preparation of 3,3,5,5-tetrachloro-4-methoxybiphenyl (Compound 3)
Preparation of 2,2,3,3,5- pentachloro-4-methoxybiphenyl (Compound 4)
Compound 4 (2,2,3,3,5- pentachloro-4-methoxybiphenyl) was prepared from
4-bromo-2,3,6-trichloroanisole (0.295g) and 2,3-dichlorobenzene boronic ester (0.273g)
(1.15:1mmol).  The same modified Suzuki-type coupling method and isolation techniques
were used as described for the synthesis of compound 1 except for the following 
differences.  Cesium fluoride (3mmol, 0.456g) was the base used.  The reaction solvents
were 10mL dimethylformamide, 2mL ethanol, and 2mL water. The solution was
refluxed at 80-90°C for 4hrs.  A white powder (172mg) was isolated giving a 32% yield.
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IR spectroscopy, and carbon and proton NMR spectroscopy were used in conjunction
with GC/MS data to confirm the synthesis of the PCMB (compound 4).  These data are 
included and discussed in Chapter IV.
Figure 11: Preparation of 2,2,3,3,5- pentachloro-4-methoxybiphenyl (Compound 4)
Preparation of 2,3,3,4,5-pentachloro-4-methoxybiphenyl (Compound 5)
Compound 5 (2,3,3,4,5-pentachloro-4-methoxybiphenyl) was prepared from
4-bromo-2,3,6-trichloroanisole (0.300g) and 3,4-dichlorobenzene boronic acid (0.197g)
(1:1mmol).  The same modified Suzuki-type coupling method and isolation techniques
were used as described for the synthesis of compound 1 except for the following 
differences.  Sodium carbonate (2mmol, 0.212g)) was the base used.  The reaction
solvents were 17.5mL toluene, 10mL ethanol, and 1mL water.  The solution was refluxed 
at 80-90°C for 16hrs.  Light brown flakes (291mg) were isolated giving an 82% yield.  IR
spectroscopy, and carbon and proton NMR spectroscopy were used in conjunction with
GC/MS data to confirm the synthesis of the PCMB (compound 5). These data are 
included and discussed in Chapter IV.
 
H3C  CH3 
CH3 CH3 
O O
B  OCH3 
Cl Cl 
Cl Cl 
Na2CO3/ Pd catalyst + Cl OCH 3Toluene/EtOH/Water 
Cl Cl 
Cl ClCl Br 



















   
    





Figure 12: Preparation of 2,3,3,4,5-pentachloro-4-methoxybiphenyl (Compound 5)
Preparation of 2,3,3,5,5- pentachloro-4-methoxybiphenyl (Compound 6)
Compound 6 (2,3,3,5,5- pentachloro-4-methoxybiphenyl) was prepared from
4-bromo-2,6-dichloroanisole (0.294g) and 2,3,5-trichlorobenzene boronic ester (0.307g)
(1.15:1mmol).  The same modified Suzuki-type coupling method and isolation techniques
were used as described for the synthesis of compound 1 except for the following 
differences.  Cesium fluoride (3mmol, 0.456g) was the base used.  The reaction solvents
were 10mL dimethyl formamide, 2mL ethanol, and 2mL water. The solution was
refluxed at 80-90°C for 4hrs.  A white powder (40mg) was isolated giving an 11% yield.
IR spectroscopy, and carbon and proton NMR spectroscopy were used in conjunction
with GC/MS data to confirm the synthesis of the PCMB (compound 6).  These data are 
included and discussed in Chapter IV.
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19 
Figure 13: Preparation of 2,3,3,5,5- pentachloro-4-methoxybiphenyl (Compound 6)
Preparation of 2,3,3,5-tetrachloro-4-biphenylol (Compound 1H)
Compound 1H (2,3,3,5-tetrachloro-4-biphenylol) was prepared from 20mg of
compound 1.  All synthesis procedures were performed under an argon atmosphere.
Compound 1 was dissolved in 5mL of methylene chloride, and 2mL of 1M boron
tribromide in dichloromethane was added to the solution to demethylate compound 1.
The reaction solution was allowed to sit overnight.  Approximately 20mL of water was
added to the solution.  The reaction products were extracted with ethyl ether, washed with
water, and purified on a silica solid phase extraction cartridge (Supelco, Supelclean LC-
SI 6mL tube).  The products were eluted with ethyl ether. The fractions were monitored 
by GC/MS.  GC/MS data were used to confirm the synthesis of the OH-PCB (compound 
1H).  These data are included and discussed in Chapter IV.  The solid product was
obtained by removing the solvent with a rotary-evaporator. The compound was not
further purified, but the purity was estimated by GC/MS.  Approximation by GC/MS 
indicated 93% purity.  A solid (14mg) was isolated giving a 68% yield.
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Figure 14: Preparation of 2,3,3,5-tetrachloro-4-biphenylol (Compound 1H)
Preparation of 3,3,4,5-tetrachloro-4-biphenylol (Compound 2H)
Compound 2H, 3,3,4,5-tetrachloro-4-biphenylol, was prepared using the same
demethylation and isolation procedures as described for compound 1H except for the 
following differences. Compound 2H was prepared from 40mg of compound 2.
Approximation by GC/MS indicated 100% purity.  Compound 2H (17mg) was isolated 
giving a 43% yield.  GC/MS data were used to confirm the synthesis of the OH-PCB
(compound 2H).  These data are included and discussed in Chapter IV.
Cl Cl Cl Cl 
Figure 15: Preparation of 3,3,4,5-tetrachloro-4-biphenylol (Compound 2H)
Preparation of 3,3,5,5-tetrachloro-4-biphenylol (Compound 3H)
Compound 3H, 3,3,5,5-tetrachloro-4-biphenylol, was prepared using the same
demethylation and isolation procedures as described for compound 1H except for the 
following differences.  Compound 3H was prepared from 40mg of compound 3. GC/MS
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indicated 92% purity.  A solid (41mg) was isolated giving a 99% yield.  GC/MS data
were used to confirm the synthesis of the OH-PCB (compound 3H). These data are 
included and discussed in Chapter IV.
Figure 16: Preparation of 3,3,5,5-tetrachloro-4-biphenylol (Compound 3H)
Preparation of 2,2,3,3,5- pentachloro-4-biphenylol (Compound 4H)
Compound 4H, 2,2,3,3,5- pentachloro-4-biphenylol, was prepared using the 
same demethylation and isolation procedures as described for compound 1H except for
the following differences.  Compound 4H was prepared from 40mg of compound 4.
Approximation by GC/MS indicated 89% purity with some compound 4 still remaining.
A solid (36mg) was isolated giving an 83% yield.  GC/MS data were used to confirm the 
synthesis of the OH-PCB (compound 4H). These data are included and discussed in
Chapter IV. 
Figure 17: Preparation of 2,2,3,3,5- pentachloro-4-biphenylol (Compound 4H)
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Preparation of 2,3,3,4,5-pentachloro-4-biphenylol (Compound 5H)
Compound 5H, 2,3,3,4,5-pentachloro-4-biphenylol, was prepared using the 
same demethylation and isolation procedures as described for compound 1H except for
the following differences.  Compound 5H was prepared from 40mg of compound 5.
Approximation by GC/MS indicated 100% purity.  Compound 5H (35mg) was isolated 
giving a 91% yield.  GC/MS data were used to confirm the synthesis of the OH-PCB
(compound 5H).  These data are included and discussed in Chapter IV.
Figure 18: Preparation of 2,3,3,4,5-pentachloro-4-biphenylol (Compound 5H)
Preparation of 2,3,3,5,5- pentachloro-4-biphenylol (Compound 6H)
Compound 6H, 2,3,3,5,5- pentachloro-4-biphenylol, was prepared using the 
same demethylation and isolation procedures as described for compound 1H except for
the following differences.  Compound 6H was prepared from 16mg of compound 6.
Approximation by GC/MS indicated 100% purity.  Compound 6H (15mg) was isolated 
giving a 100% yield.  GC/MS data were used to confirm the synthesis of the OH-PCB
(compound 6H).  These data are included and discussed in Chapter IV.
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Liquid Chromatography/ Mass Spectrometry (LC/MS) 
A Varian ProStar binary LC system (Varian Inc., Walnut Creek, CA) was
attached to a Bruker Esquire mass spectrometer (Bruker Daltonics Inc., Billerica, MA).
Sample volumes injected were 50µL, 100µL, or 200µL taken by the autosampler.  The
LC column was an Alltech C-18 with an inner diameter of 4mm, 250mm in length, and 5 
micron particle size.  The mobile phase was acetonitrile (ACN) and water, and 0.1%
formic acid was added to both solvents.  Several ratios of ACN:H2O  were used.  A flow
rate of 0.9mL/min was used for the column separation.  UV detection was with a Rainin
Dynamax UV-1 absorbance detector at λ=254nm in series with the MS. Post column
infusion of base solution, 10% ammonium hydroxide (NH4OH) in 45% water and 45%
acetonitrile (CH3CN), was performed via a secondary isocratic Spectroflow 400 Pump
(ABI Analytical Kratos Division), supplying a flow of 0.1mL/min (23).The effluent was
then subjected to electrospray ionization (ESI), where the high pH of the solution
enhanced the production of anions. The ions were analyzed on an Esquire LC Mass
Spectrometer (MS) set in negative mode. The MS scan was set to select for ions m/z
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Figure 20: Block Diagram of LC/MS Instrumentation
Solid Phase Extraction (SPE) 
All solvents were of OPTIMATM grade purchased from Fisher Scientific.  The 




Table 3 describes stock solutions made of the OH-PCBs (refer to Table 2 for
structures) and further dilutions made from these stocks.  Experiments were performed 
using these stock solutions and further dilutions.  Relative retention times of each of the
compounds were determined using dilution 1 of each compound.  Solid phase extraction
(SPE) experiments were performed as part of the analysis of surface water samples.  The 
SPE experiments were performed with the stock solution of compound 4H and dilution 1 
of all six OH-PCBs in acetonitrile.  Standard curves were plotted in area counts versus
nanograms of compound using dilutions 1, 2, 2-3, 3, and 4 in acetonitrile and in water.
Dilution 1-2 in Table 4 for acetonitrile and dilution 1-2 in Table 5 for water were not
included in the standard curves.  These dilutions (1-2) were prepared and analyzed on a 
   
    
   
  
 














different day than the other dilutions for the standard curve data.  These two data points
fell outside the standard curves obtained from the other dilutions.  These data indicate 
that it is necessary to perform a standard curve analysis each day that the method is used 
for accurate determination of these analytes.  The precision of the LC/MS method was
confirmed by reproducibility studies using dilution 2-3 in acetonitrile and dilution 2 in
water. See the following Tables 3-5 for the concentrations of each solution.
Table 3: Concentrations for Retention Time
and Solid Phase Extraction Experiments







   
    
 
 
            
       
  
                 
 
               
 
                 
    
                 
 
                 
     




    
 
 
          
       
   
                
 
              
 
                
    
                 
     








Table 4: Concentrations in Acetonitrile for Standard Curves, Reproducibility






3H 4H 5H 6H
1 10:1 100µL of each 6 stocks
+ 400µL ACN
5 8 5.1 5.5 6.2 9.3 
1-2 2:1 300µL of diln 1 
+ 300µL ACN
2.5 4 2.55 2.75 3.1 4.65 
2 10:1 100µL of diln 1 
+900µL ACN
0.5 0.8 0.51 0.55 0.62 0.93 
2-3 4:1 250µL of diln 2 
+750µL ACN
0.125 0.2 0.1275 0.1375 0.155 0.2325
3 10:1 100µL of diln 2 
+900µL ACN
0.05 0.08 0.051 0.055 0.062 0.093 
4 10:1 100µL of diln 3 
+900µL ACN
0.005 0.008 0.0051 0.0055 0.0062 0.0093
Table 5: Concentrations in Water for Standard Curves






3H 4H 5H 6H
1 100:1 10µL of each 6 stocks
+ 940µL H2O 
0.5 0.8 0.51 0.55 0.62 0.93 
1-2 2:1 250µL of diln 1 
+250µL H2O 
0.25 0.4 0.255 0.275 0.31 0.465 
2 10:1 100µL of diln 1 
+ 900µL H2O 
0.05 0.08 0.051 0.055 0.062 0.093 
2-3 4:1 250µL of diln 2 
+750µL H2O
0.0125 0.02 0.0128 0.0138 0.0155 0.0233
3 10:1 100µL of diln 2 
+ 900µL H2O 
0.005 0.008 0.0051 0.0055 0.0062 0.0093
Retention Time Experiment
Dilution 1 for each of the OH-PCBs was analyzed separately by LC/MS to
determine retention times.  All the samples were analyzed with 50µL on the column, with
   
    
   
 
 
    
   
  
 
     
     






   
    
 
   
 
28 
a 75:25 ratio of ACN:H2O flowing through the column, with post-column base flowing at
0.1mL/min, and the MS set in negative mode.
Standard Curve Experiment
The six OH-PCBs (refer to Table 2 for structures) were combined to obtain
standard curve data at decreasing concentrations, using dilutions in Table 4 and Table 5.
Two solvent systems were used for dissolution of the stock standards, 100% ACN and 
H2O + ACN.  In the H2O + ACN system, the initial ratio of H2O:ACN was 94:6.  The 
ratio of H2O:ACN increased with decreasing compound concentration because the 
dilutions were made with water. The samples in acetonitrile were all analyzed with
100µL on the column, with a 75:25 ratio of ACN:H2O flowing through the column, with
post-column base flowing at 0.1mL/min, and the MS set in negative mode. The samples
in water were analyzed with 200µL injections on the column, with all other conditions
the same as above.
Reproducibility Studies
The six OH-PCBs (refer to Table 2 for structures) were analyzed together for the 
reproducibility studies in both solvent systems, 100% acetonitrile with dilution 2-3 from
Table 4 and 10% acetronitrile:90% water with dilution 2 from Table 5. The compounds
dissolved in 100% acetonitrile and the compounds dissolved in 10% acetronitrile:90%
water were analyzed in exactly the same manner as in the standard curves experiments
above.
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Solid Phase Extraction (SPE) 
Eight experiments were performed to devise a method for detecting OH-PCBs
(refer to Table 2 for structures) in surface water samples.  Once the samples were eluted
from the SPE cartridge in 100% acetonitrile, they were analyzed with 200µL injections
on the column, with all other conditions exactly the same as in the standard curve 
experiments above.
Experiment 1 (Spiked Cartridge): A SPE tube was conditioned with 3mL of
acetonitrile, and then with 3mL of water.   An aliquot of water, approximately 0.5mL,
above the bed of the tube was spiked with 550ng of compound 4H (10µL of the stock
solution in acetonitrile).  The tube was washed with 10mL of water by applying a 
vacuum.  The compound was eluted from the tube with 5mL of acetonitrile and analyzed 
as described above.
Experiment 2 (Spiked Cartridge, Large Water Volume): An SPE tube was
conditioned with 3mL of acetonitrile, and then with 3mL of water.  An aliquot of water,
approximately 0.5mL, above the bed of the tube was spiked with 550ng of compound 4H 
(10µL of the stock solution in acetonitrile).  The tube was washed with 125mL of water
by applying a vacuum.  The compound was eluted from the tube with 5mL of
acetonitrile.  The eluent solution was diluted with 5mL of water and analyzed as
described above.
Experiment 3 (Spiked Cartridge, Concentrated Sample): An SPE tube was
conditioned with 3mL of acetonitrile, and then with 3mL of water.  An aliquot of water,
approximately 0.5mL, above the bed of the tube was spiked with 10µL of the dilution 1




















in acetonitrile, containing the 6 OH-PCBs.  The amount was approximately 50-100ng of
each compound in the spiked sample.  The tube was washed with 10mL of water by
applying a vacuum.  The compound was eluted from the tube with 5mL of acetonitrile.
The eluent was concentrated to approximately 200µL and diluted to 500µL with water
and analyzed as described above.
Distilled Water Control: A SPE tube was first conditioned with 3mL of
acetonitrile, and then with 3mL of water.  25mL of distilled water was passed through the
tube. The analytes were eluted from the tube with 5mL of acetonitrile and collected in a 
glass vial.  The eluent was concentrated to approximately 200µL and diluted to 500µL 
with water and analyzed as described above.
Experiment 4-1 (Spiked Solution, Glass Vial): A 25mL solution was prepared of
distilled water and spiked with 10µL of dilution 1 in acetonitrile, containing the 6 OH-
PCBs.  The amount was approximately 50-100ng of each compound in the spiked 
sample.  An SPE tube was conditioned with 3mL of acetonitrile, and then with 3mL of
water. The 25mL of sample solution was passed through the tube.  The compound was
eluted from the tube with 5mL of acetonitrile and collected in a glass vial.  The eluent
was concentrated to approximately 200µL and diluted to 500µL with water and analyzed 
as described above.
Experiment 4-2 (Plastic Vial): Experiment 4-1 was repeated, but the eluent was
collected in a plastic vial.
Experiments 5-1 and 5-2 (Surface Water Studies, Filtered): Surface water samples
were taken from two local sites: a flowing creek (5-1) and a rain overflow area (5-2).  For




   
  









   
 
31 
both samples, 25mL of the surface water sample was filtered with a 25mm Millipore 
Millex-LCR Syringe Driven Filter Unit of 45µm pore size.  Each sample was spiked with
10µL of dilution 1 in acetonitrile, containing the 6 OH-PCBs.  The amounts were
approximately 50-100ng of each compound in the spiked sample.  An SPE tube was
conditioned with 3mL of acetonitrile, and then with 3mL of water.  The 25mL of sample
solution was passed through the tube. The compound was eluted from the tube with 5mL
of acetonitrile and collected in a glass vial.  The eluent was concentrated to
approximately 200µL and diluted to 500µL with water and analyzed as described above.
Surface Water Controls: For both surface waters, 25mL of the surface water
sample was subjected to exactly the same procedure as in the previous experiment except
the samples were not spiked and the eluent was concentrated to 100µL and diluted to 
500µL with water.
Experiment 5-3 (Particulate Binding, Unfiltered): A surface water sample (25mL)
from a flowing creek was spiked with 10µL of dilution 1 in acetonitrile, containing the 6 
OH-PCBs.  The amounts were approximately 50-100ng of each compound in the spiked 
sample.  An SPE tube was conditioned with 3mL of acetonitrile, and then with 3mL of
water. The 25mL of sample solution was passed through the tube.  The compound was
eluted from the tube with 5mL of acetonitrile and collected in a glass vial.  The eluent
was concentrated to approximately 200µL and diluted to 500µL with water and analyzed 













   
    
     
   
 
    
  
   
   





Gas Chromatography/ Mass Spectrometry Data
The observed fragments and the losses leading to the observed ions of the PCMBs
from GC/MS are shown in Table 6 (refer to Table 1 for structures). The complete
spectrum for each compound is included in Appendix A.  Compound 2 has been
previously characterized in the literature.  Its major fragments and losses leading to the 
observed ions are reported below (2, 9).  Compound 5 has also been characterized and its
major fragments assigned(2).  Haraguchi has made structure assignments for 2,3,4,5-
tetrachloro-4-methoxybiphenyl and 2,2,4,5,5-pentachloro-4-methoxybiphenyl based on
the major fragments and losses leading to the ions observed.  The observed fragments for
the six PCMBs in this study are consistent with those observed by Haraguchi for
tetrachloro and pentachloro methoxybiphenyls (4).  The reported mass of each of these 
ions is the lowest mass ion of the chlorine isotope cluster for that fragment or molecular
ion.
32 
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1 14.83 320 305 277 241 207 171 
2 13.95 320 305 277 241 207 171 
3 15.08 320 305 277 241 207 171 
4 13.31 354 339 311 275 241 206 
5 16.33 354 339 311 275 241 206 
6 15.96 354 339 311 275 241 206 
GC/MS data in Table 7 show the observed fragments and molecular ions from the 
six OH-PCBs (refer to Table 2 for structures) and proposed losses from molecular ions.  
The complete spectrum for each OH-PCB is included in Appendix A.  These ions are 
consistent with expected results for tetra and pentachloro hydroxybiphenyls.















1H 14.78 306 270 236 207 172 137 
2H 15.63 306 270 236 207 172 137 
3H 15.06 306 270 236 207 172 137 
4H 15.76 340 305 270 241 207 171 
5H 16.61 340 305 270 241 207 171 
6H 16.00 340 305 270 241 207 171 
Structure assignments and therefore the successful preparation of the PCMBs and 
OH-PCBs were in part established based on the characteristic fragmentation of the 
molecules, correct relative intensities of the chlorine isotopic clusters, and the presence of
the expected molecular parent ion. 
   
 
 
      
    
 
   
   
   
 
   
   
   
   
    
  





The following table includes the major peaks in the IR spectra for compounds 1-6 
(refer to Table 1 for structures). The complete spectrum for each compound is included 
in Appendix B.  There are several functional groups for which we expect peaks in the IR
spectra for each of the compounds.  The aromatic-hydrogen vibrations appear between
3100-3000 cm-1 (24).  Several weak peaks are visible in this area of the spectra for all six
of the PCMBs.  The carbon-carbon stretching in the aromatic rings should have medium
peaks in the range of 1600-1450cm-1 (25).  A few peaks are visible in this region for each
of the compounds.  The methoxy group on the aromatic ring should have a peak in the 
ranges of 1800-1300cm-1, for the aryl-O stretching, and 1070-970cm-1, for the CH3-O
stretch (26). There are peaks in the 1400cm-1 range and a strong peak at approximately
990cm-1 or 1000cm-1for all the PCMBs that can be attributed to the methoxy group.
Peaks for out-of-plane aromatic C-H vibrations occur in the range of 900-700cm-1 (26,
27).  Each of the PCMBs has some peaks in this range, which can be assigned to these 
aromatic C-H bonds.  Finally, we would expect to see peaks in the range of 800-600cm-1 
for the C-Cl bonds in the PCMBs (25). There is a strong peak at approximately 800cm-1 
for all the PCMBs that can be assigned to the C-Cl bonds.
   
 
 






    





      
     
           
 
Table 8: IR Data for PCMBs
35 
Major Peaks (cm-1) 
in the Ar-H
region







































































   
 
 
   
     
    





     
   
 















Nuclear Magnetic Resonance Spectroscopy Data
Table 9 includes the 1H-NMR data from this study and proton shift assignments
for the six PCMBs (refer to Table 1 for structures).  Although only compound 4 has been
characterized in literature (9), several compounds with at least one ring identical to the 
ones in this study have been characterized by 1H-NMR.  Refer to Figure 21 for an
example of the proton and carbon numbering system for the PCMBs.  The proton
resonances were assigned based on the assignments made by Shiraishi, Lehmler,
Haraguchi, and van den Hurk, which are summarized in Table 10 (4, 5, 9, 10).  The 
observed shifts, magnitude of the coupling constants, and multiplicities agree very well
with those referenced.  The methoxy hydrogens have a singlet peak at 3.9ppm for all six 
PCMBs and this value agrees with literature values in Table 10. Singlet peaks for H-2
and H-6 are also seen for the six PCMBs.  H-2 and H-6 are equivalent for compounds
1,2,3, and 6 and are therefore assigned the same singlet peak shift.  The hydrogens on the 
non-methoxylated ring were all assigned based on the magnitude of the coupling 
constants and shift values for similar compounds, seen in Table 10.











Cl H H Cl 
2 2 
Figure 21: Numbering System for Compound 2 
   
  
 
                 
    
  
              
  
              
  
               
    
              
   
              
   
                
         




Table 9: 1H- NMR Data for PCMBs
PCMB
Compound OCH3 H-2 H-6 H-2' H-3' H-4' H-5' H-6'






2 s 3.9 s 7.46 s 7.46 d 7.51 
sm




3 s 3.9 s 7.46 s 7.46 d 7.36 
sm
~ d 7.37 
sm
~ d 7.36 
sm






5 s 3.9 ~ s 7.28 d 7.47 
sm




6 s 3.9 s 7.34 s 7.34 ~ ~ d 7.51 
sm
~ d 7.21 
sm
s=singlet, d=doublet, t=triplet, q=quartet  Shift values given in ppm.
coupling constants l=large (5-10 Hz), sm=small (2-4 Hz) 
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Table 10: 1H- NMR Shift Assignments from Literature
Reference/




































































































s= singlet, d= doublet, t= triplet  Shift values given in ppm.
   
   
   
 
 
    
     
 
    
  
  
     
   
  





Table 11 includes data for 13C- NMR for the six PCMBs in this study (refer to
Table 1 for structures).  The carbons were not individually assigned shift values, however
it was possible to determine the presence of a methoxy carbon at 61ppm for five of the 
compounds.  It is unclear why compound 6 does not have a peak at 61ppm.  It is evident
that compound 6 has a methoxy group based on the 1H- NMR data. There are also only
four other peaks representative of the aromatic carbons for compound 6. This indicates
that perhaps the sample was too dilute to accurately determine the structure of compound
6 with 13C- NMR.  In fact, all the compounds except compound 5 indicate that the sample
may have been too dilute to see all the carbons.  The spectrum for compound 5 contains
more than twelve peaks in the aromatic range.  The extra peaks are most likely present
because of impurities in this sample.  The values ranging from 125-135ppm for the shifts
of all the PCMBs are evidence that the carbons are aromatic, which should have shifts in
the range of 110-175ppm (27).  The quality of the 13C- NMR spectra was not good
enough to strongly support the assigned structures; however, they were, for the most part,
not inconsistent with those assignments.




   
   
   
   
   
     
     
     
     
     
      
        
            
 




   
     




Table 11: 13C- NMR Data for PCMBs 
PCMB Compound 1 2 3 4 5 6 
OCH3 61 61 61 61 61 













































Shift values given in
ppm.
The combined GC/MS, IR, and 1H- NMR data indicate that the structural
assignments for the six PCMBs and the corresponding OH-PCBs were correctly made.























     
   
   





The chromatographic response was optimized by altering several conditions of the 
separation.  A solution of 1% formic acid was included in the acetonitrile and water
mobile phase solvents.  The formic acid should be effective in maintaining the protonated
state of the acidic biphenylols on the column.  The ACN:H2O ratio, addition of post-
column base, and the amount of sample were varied. 
There are two pairs of congeners that were not separated well
chromatographically.  Compounds 1H and 4H have very similar retention times as do
compounds 5H and 6H (refer to Table 2 for structures).  Compounds 1H and 4H can be 
differentiated based on their mass spectra because they have different molecular weights.
It was not possible to differentiate in this way between compounds 5H and 6H because
they are isomers.  Altering the ACN:H2O ratio changed the retention times of the
individual compounds.  This ratio was changed to obtain optimal separation of the
compounds as shown by the peaks in Figure 22.  The ratio was incrementally changed 
between 90:10 and 75:25.  It was concluded that the best resolution was obtained with
water at the highest possible percentage so that compounds 5H and 6H were reasonably
separated, and yet low enough so that the total separation was time efficient.  More water












0716SA00.d: TIC ±All, Smoothed (3.7,3, SG) 
5 10 15 20 25 Time [min
0716SA02.d: TIC ±All, Smoothed (3.6,3, SG) 
0716SA03.d: TIC ±All, Smoothed (3.6,3, SG) 
0716SA04.d: TIC ±All, Smoothed (3.6,3, SG) 











   









   
    
 
  






column.  Conversely, higher concentrations of acetonitrile, an organic solvent, in the 
mobile phase moves the biphenylols more quickly through the column.
Figure 22: Separation of Compounds 5H and 6H 
Peaks for all the experiments were identified based on the retention times that
were determined from individual standards and molecular ion for each of the six
compounds analyzed.  It was necessary to use retention time for identification because 
compounds 1H, 2H, and 3H had the same molecular ion, 306, and compounds 4H, 5H,
and 6H had the same molecular ion, 340 (refer to Table 2 for structures).  Samples of
each of the six stock solutions were analyzed at a ACN:H2O ratio of 75:25 to determine 
their retention times.  Table 12 shows the concentrations of the six compounds and their
retention times, Figure 23.
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43 
Table 12: Retention Times for Each Compound
Compound Conc in ACN (µg/mL) Ret Time (min) 
1H 5.0 14.25 
2H 8.0 17.8 
3H 4.0 19.96 
4H 5.5 14.7 
5H 6.2 24.2 












75:25 1H 0716SA05.d: TIC ±All 
75:25 2H 
0716SA06.d: TIC ±All 
75:25 3H 
0716SA07.d: TIC ±All 
75:25 4H 
0716SA08.d: TIC ±All 
75:25 6H 5H 
0716SA04.d: TIC ±All 
          
Figure 23: Chromatograms of Compounds 1H-6H Indicating Retention Times
The biphenylols could not be detected by the UV detector or on the plot from the
MS in the positive ion mode.  Because of the acidity of phenol groups, they can be
analyzed as anions (28-31).  Post-column base was added to deprotonate the biphenylols
to give negative ions, which may be observed when the MS is in the negative ion mode.
A 10:45:45 (NH4OH:ACN:H2O) solution was added by an external pump. The base was
mixed with the effluent before it reached the detector.  The flow rate of the base was
altered from 0.2mL/min to 0.1mL/min.  The flow rate of 0.1mL/min used for the analysis
was adequate for detection and maintained the effluent at a moderately alkaline pH≈9.
   
     
  
   
    
  
   
 
 
    
 
     
 
 
    
      
    
     
    
  
     
 
44 
The amount of solutions injected onto the column was varied from 10-200µL.
Although a few peaks were visible at 10µL, more sample on the column facilitated
detection.  For reproducibility studies, the volume was increased to 100µL which was a 
full loop.  The loop was changed in some experiments to a 200µL size loop in an attempt
to increase detection with larger sample injections.  The samples diluted with water and 
the SPE experiments were analyzed with a full 200µL loop to facilitate detection.
Mass Spectrometry
The mass spectrometric response was optimized by altering several variables of
the analysis.  The variables were types of compounds (methoxy and hydroxy PCBs),
negative and positive modes, ion selection, and the amount of current applied at the
electrospray interface.
A sample containing PCMBs was analyzed using the LC/ESI/MS instrument with
the MS set in both positive and negative modes; however, no response was detected.  It
was apparent that the methoxy group on the PCMB could not be ionized by ESI and 
would not be detectable by LC/ESI/MS. The analytes of interest, OH-PCBs, were also
analyzed with the MS set in positive and negative modes; however, no response was
detected in the positive mode.  The hydroxyl group on the OH-PCBs is ionizable with
base and observable in the negative mode.  This observation is in agreement with
Sánchez-Rabaneda and Pérez-Magario, who both report the necessity to study phenols
in the negative mode (28-31). Thus the OH-PCBs were easily detected, but the PCMBs
were not.
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The separation of compounds 5H and 6H (refer to Table 2 for structures) was
difficult to achieve on the LC column because the retention times overlapped.  Co-eluting
congeners may be identified by unique fragmentation profiles using GC/MS (32).  It may
be possible to use LC/ESI/MS in a similar manner to identify co-eluting congeners if
different spectra can be achieved.  To test this hypothesis, a sample containing only
compounds 5H and 6H was introduced to the column.  The current applied in the 
electrospray interface was increased to try to induce fragmentation in an attempt to
achieve different fragmentation profiles.  Unfortunately, no fragmentation was observed.
Therefore, the separation was optimized using methods already described in the LC
discussion. 
The MS was set to scan for specific ions to achieve better signal to noise ratios for
these compounds, thus gaining more sensitivity.   The scan was set to select for masses 
308.5 ±1.5 and 342.5 ±1.5 to detect major ions of the chlorine isotope clusters for the
tetrachlorobiphenylols and pentachlorobiphenylols, respectively.  The range of the scan
was set to 3 amu to be sure the largest peaks in the chlorine isotope cluster could be
observed.  The entire isotope cluster of the deprotonated molecular ion of a 
tetrachlorobiphenylol analyzed in negative mode would include peaks at 305, 307, 309,
311, and 313, which are visible in an LC/MS scan from 280-400 m/z, see Figure 24. The 
entire isotope cluster of the deprotonated molecular ion of a pentachlorobiphenylol
analyzed in negative mode includes peaks at 339, 341, 343, 345, 347, and 349, which are 
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Figure 25: Compound 4H Complete LC/MS Spectrum
It was necessary to quantitate the response in area counts for each compound from
the LC/ESI/MS data. The peak parameters had to be defined to calculate the area under
each peak in a uniform manner. The baseline noise was manually determined.  All peaks
of the chromatograms were defined by assigning each peak a 1.5 minute window on the 
x-axis.  This time designation was chosen after observing the elution profiles of all six
OH-PCBs in several analyses.  The average peak width at the baseline was 1.5 minutes.
The area of each designated 1.5 minute section of the peaks was calculated above the 
determined noise levels by Bruker software using Sovitsky-Golay methods.  The area 
counts were determined in this manner to be sure quantitation was performed uniformly
for each analysis.
   
 
  
   




The following standard curves, Figures 26-29, show a linear response in
acetonitrile and in water.  Comparison of the standard curves in water versus in























y = 750.04x - 3642.6 50000 
R2 = 0.9991 
0 
0 100 200 300 400 500 600 
Amount on Column (ng) 
Compound 2H Standard Curve in Acetonitrile B. 800000 
0 100 200 300 400 500 600 700 800 900 
Amount on Column (ng) 
C. Compound 3H Standard Curve in Acetonitrile 
0 100 200 300 400 500 600 








y = 932.64x - 7291 
















y = 1137x - 4201.7 




















































   
48 















y = 2742x - 20947 200000 
R2 = 0.9982 
0 
0 100 200 300 400 500 600 
Amount on Column (ng) 








y = 2512.8x - 23416 200000 
R2 = 0.998 
0 
0 100 200 300 400 500 600 700 













0 200 400 600 800 1000 






















Compound 6H Standard Curve in Acetonitrile 
y = 1929.2x - 15973 
R2 = 0.9991 







































   
49 




















50000 y = 2399.2x - 4413.9 

















0  20  40  60  80  100  120











Compound 2H Standard Curve in Water 
y = 2498.8x - 6801.9 
R2 = 0.999 
0 20 40 60 80 100 120 140 160 180 
Amount on Column (ng) 
C.
Compound 3H Standard Curve in Water 
y = 3419x - 5633.6 

















0  20  40  60  80  100  120
Amount on Column (ng) 


































































































200000 y = 9536.3x - 24563 
R2 = 0.9984 
0 
0  20  40  60  80  100  1
Amount on Column (ng) 
Compound 5H Standard Curve in Water E. 1000000 
900000 
0 20 40 60 80 100 120 140 
Amount on Column (ng) 
F. Compound 6H Standard Curve in Water 
0 50 100 150 200 








y = 7084.9x - 20076 

















y = 8897.2x - 39898 


















   
 
   
51 
20  
Figure 29: Standard Curves for Compounds 4H-6H in Water
   
 
 
   
   
   
  
  
   
    
    
   
   




To ensure reproducibility of the method, experiments were performed to analyze 
the precision of the LC/ESI/MS measurement using each of the six OH-PCB compounds
(refer to Table 2 for structures) in both acetonitrile and water solutions where n=7. In
Figures 30 and 31 it is evident that response is different for each compound per nanogram
of material placed on the column.  However, a general trend is that a higher response is
seen for 94 percent and higher water solutions.  This is advantageous because of the 
necessity to analyze these compounds in surface water samples.  The error, given as
percent standard deviation and shown as error bars for each compound in Figures  30-31,
was calculated for each of these compounds in both acetonitrile and water.  The error for
estimating these compounds in water, ranging from 20-28%, is approximately the same
as the error in acetonitrile, ranging from 11-19%. Another general trend can be seen of a 
higher response per nanogram of compound for the pentachlorinated OH-PCBs versus
the response for tetrachlorinated OH-PCBs.



































































Figure 30: Reproducibility of Compounds 1H-6H in Acetonitrile


















Figure 31: Reproducibility of Compounds 1H-6H in Water
Solid Phase Extraction Experiments
The initial experiments, 1 and 2, were performed with compound 4H (refer to 
Table 2 for structure) to determine the suitability of the SPE cartridges for analyte 
   
  
        
 
      
     
  
 




   
 
 
    
   




     
 
54 
isolation.  Experiment 1 was performed specifically to test recovery of compound 4H 
when the compound was spiked into an aliquot of water on the column bed.
Experiment 1 yielded the best result when compared to the standard data from the 
reproducibility study (see Figure 32). Experiment 2 was performed to test the effect on
recovery of putting a large volume of water through the column which had been spiked
with compound 4H (33).  This experiment tests the ability of our system to detect
compounds at a much lower concentration than was demonstrated in experiment 1, see 
Table 13. Experiment 3 is different from experiment 1 because the sample was
concentrated by evaporation under a nitrogen flow after extraction from the column and 
then prepared for LC/MS analysis.  The lower response suggests some loss of analyte in
the concentration step.  The concentration step was performed to try to enhance 
sensitivity, but may not be useful.
A control sample of distilled water with no spiked analytes was analyzed to
confirm the absence of the analytes in the distilled water and on the SPE columns (see 
Figure C.7).  There were no peaks for the OH-PCBs on the control chromatogram.
Recovery values of the analytes for SPE experiments 1-3 were determined from
the standard curve data for compound 4H (see Figure 29, D). The column labeled 
Calculated Area Counts in Table 13 is calculated based on the equation from the 
regression analysis of the standard curve data for compound 4H in water. Experiments 1 
and 2 have very similar recovery even though experiment 2 represents a sample that is
much less concentrated. The low recovery for experiment 3 can be attributed to the 
concentration step, as previously mentioned. 
























           







   
 
     
   
   





















1  2  3  Standard  
SPE Experiment 
Figure 32: SPE Experiments 1-3: Spiked Cartridge with Compound 4H 





Column (ng) Area Counts
Calculated
Area Counts % Recovery
1 4H 55 11 34344 80336.30 42.75 
2 4H 4.4 11 31316 80336.30 38.98 
3 4H 5.5 22 24632 185235.60 13.30 
Experiment 4-1 is different from experiment 3 because, in the former experiment,
a sample of water spiked with the compound was placed on the cartridge, rather than
spiking an aliquot on the cartridge and washing with water. These data indicate a similar
response for experiment 4-1 and experiment 3 for all of the analytes, suggesting that the 
method used in experiment 4-1 does not alter the recovery of the analytes.  It is important
to test the method in experiment 4-1 because this technique would be used for an actual
   
   
   




     
 
    
 
    
   
 
56 
water sample.  It would be necessary to pass the water sample through the cartridge and 
elute the compound from the cartridge for LC/MS analysis.  This was done in the surface 
water experiments described below.  It is noteworthy to mention that the best results
might be obtained if the sample were not concentrated after extraction from the column,
as in experiments 1 and 2.
Recovery values of the analytes for SPE experiments 3 and 4-1 were determined 
from the standard curve data for the six OH-PCBs (see Figures 28 and 29). The columns
labeled Calculated Area Counts in Tables 14 and 15 are calculated based on regression
analysis of the standard curve data for each of the six OH-PCBs in water.  There is no
significant difference in recovery for experiment 4-1 compared to experiment 3, despite 
the lower sample concentrations in experiment 4-1.  This indicates that the method used 




















Figure 33: SPE Experiment 3 and 4-1: Spiked Cartridge vs Spiked Solution 
Table 14: Recovery for Six OH-PCBs in SPE Experiment 3 
Spiked Cartridge: Expt 3
Spiked Solution: Expt 4-1
Standard: Reproducibility study 
1H 2H 3H 4H 5H 6H 
OH-PCB Compound 



























         








Column (ng) Area Counts 
Calculated
Area Counts  % Recovery
1H 5 20 9064 43570.10 20.80 
2H 8 32 9210 73159.70 12.59 
3H 5.1 20.4 6577 64114.00 10.26 
4H 5.5 22 24632 185235.60 13.30 
5H 6.2 24.8 13072 155629.52 8.40 
6H 9.3 37.2 21684 291077.84 7.45 
   
  
 
         








   
   
    
 










Column (ng) Area Counts 
Calculated
Area Counts  % Recovery
1H 2 20 10051 43570.10 23.07 
2H 4 32 8314 73159.70 11.36 
3H 2.04 20.4 10653 64114.00 16.62 
4H 2.2 22 28904 185235.60 15.60 
5H 2.48 24.8 18546 155629.52 11.92 
6H 3.72 37.2 27597 291077.84 9.48 
Experiment 4-2 was performed to determine if the compounds were being 
adsorbed onto the glass vials used to prepare the sample.  It appears that there is no
significant difference in the response for the tetrachloro-biphenylols.  However, the 
pentachloro-biphenylols show lower levels with glass compared to plastic.  This
difference was not considered significant enough to change the method of sample
preparation for this study.
Recovery values of the analytes for SPE experiments 4-2 were determined from
the standard curve data for the six OH-PCBs (see Figures 28 and 29). The column
labeled Calculated Area Counts in Table 16 is calculated based on regression analysis
of the standard curve data for each of the six OH-PCBs in water. There is no significant
difference in recovery for compounds 1H-6H from experiments 4-1 to 4-2.




























         





   





















Glass Vial: Expt 4-1
Plastic Vial: Expt 4-2
Standard: Reproducibility study 
1H 2H 3H 4H 5H 6H 
OH-PCB Compound 
Figure 34: SPE Experiment 4-1 and 4-2: Glass vs Plastic Vial





Column (ng) Area Counts 
Calculated
Area Counts  % Recovery
1H 2 20 9254 43570.10 21.24 
2H 4 32 9105 73159.70 12.45 
3H 2.04 20.4 10608 64114.00 16.55 
4H 2.2 22 35768 185235.60 19.31 
5H 2.48 24.8 23352 155629.52 15.00 
6H 3.72 37.2 34426 291077.84 11.83 
Experiments 5-1 and 5-2 were performed to determine levels of these compounds
in surface water samples.  Both samples were prepared by spiking an aliquot of the
surface water and then filtering the aliquot before placing the samples on the SPE
   
 
   
  
     
 
   
   
  
  
    
    
    
      




column.  The filtering process was used to clean up the sample before extraction and 
analysis.  Clearly, experiment 5-1 yielded higher recoveries than experiment 5-2.
Control samples with the two types of surface water with no spiked analytes were
filtered and analyzed to confirm the absence of the analytes in question in the surface 
water samples (see Figure C.9).  There were no peaks for the OH-PCBs on the control
chromatograms.
Recovery values of the analytes for SPE experiments 5-1 and 5-2 were
determined from the standard curve data for the six OH-PCBs (see Figures 28 and 29).
The columns labeled Calculated Area Counts in Tables 17 and 18 were calculated 
based on regression analysis of the standard curve data for each of the six OH-PCBs in
water. There is a significant difference in recovery values for experiments 5-1 and 5-2,
which can be attributed to possible binding of the analytes by the biological material in
the surface sample used in experiment 5-2. Interestingly, recovery for the surface water
samples is higher than recovery for the distilled water samples.  This is promising for
possible future applications to real-world surface water testing.






























         
























Surface Sample 1: Expt 5-1
Surface Sample 2: Expt 5-2
Standard: Reproducibility study 
1H 2H 3H 4H 5H 6H 
OH-PCB Compound 
Figure 35: SPE Experiment 5-1 and 5-2: Surface Water Studies





Column (ng) Area Counts 
Calculated
Area Counts  % Recovery
1H 2 20 23456 43570.10 53.84 
2H 4 32 20700 73159.70 28.29 
3H 2.04 20.4 16536 64114.00 25.79 
4H 2.2 22 60875 185235.60 32.86 
5H 2.48 24.8 47521 155629.52 30.53 
6H 3.72 37.2 64629 291077.84 22.20 
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Column (ng) Area Counts 
Calculated
Area Counts  % Recovery
1H 2 20 13355 43570.10 30.65 
2H 4 32 9978 73159.70 13.64 
3H 2.04 20.4 7698 64114.00 12.01 
4H 2.2 22 23084 185235.60 12.46 
5H 2.48 24.8 20320 155629.52 13.06 
6H 3.72 37.2 24316 291077.84 8.35 
It is possible that the particulates and biological material in the surface water
samples were binding the analytes.  This process would cause the analytes to be removed 
from solution during the filtration step.  The particulate binding experiment was
performed with surface water sample 5-1 because it was a natural body of flowing water
with relatively little plant material.  The differences seen in the filtered versus unfiltered 
sample 5-1 may be caused by the loss of some analytes during the filtration of the 
sample.
Recovery values of the analytes for SPE experiments 5-3 were determined from
the standard curve data for the six OH-PCBs (see Figures 28 and 29). The column
labeled Calculated Area Counts in Table 19 was calculated based on regression
analysis of the standard curve data for each of the six OH-PCBs in water.  The difference 
in recovery between the filtered an unfiltered sample is more significant than other
changes to the method. This indicates that the filtration step may be responsible for some
loss of analytes.  The best recovery would be obtained by not filtering the sample. 
   
  
 
    





























Recovery from surface water sample 5-2 was much lower than that of sample 5-1,
and it could be assumed that particulate binding occurred in that sample as well, and 
some of the analytes were filtered out before going through the SPE column.  However,





















Surface Sample 1 Filtered: Expt 5-1
Surface Sample 1 Unfiltered: Expt 5-3
Standard: Reproducibility study 
1H 2H 3H 4H 5H 6H 
OH-PCB Compound 
Figure 36: SPE Experiment 5-1 and 5-3: Particulate Binding 
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Column (ng) Area Counts 
Calculated
Area Counts  % Recovery
1H 2 20 19004 43570.10 43.62 
2H 4 32 30745 73159.70 42.02 
3H 2.04 20.4 27662 64114.00 43.15 
4H 2.2 22 67675 185235.60 36.53 
5H 2.48 24.8 59865 155629.52 38.47 
6H 3.72 37.2 79166 291077.84 27.20 
Detection Limits
For determination of detection limits, the six OH-PCBs were analyzed 
individually.  Signal to noise was determined by comparing the area counts for the 
integrated peak of each compound with the area counts for an integrated 1.5 minute 
section of the baseline.  Table 20 includes data for each experiment in terms of analyte 
mass on the column and S/N ratios for the reproducibility studies and the SPE
experiments 4-1, 4-2, 5-1, 5-2, and 5-3 (refer to Tables 4, 5, and 21 for concentrations).
Many of the data correspond to the limit of detection where the S/N≈3. The lowest
concentration of analyte detected by this SPE-LC/ESI/MS method was 2ng/mL (2 ppb) of
compound 1H in experiments 4-1, 4-2, 5-1, 5-2, and 5-3. This concentration for
compound 1H was obtained by diluting 10µL of 5µg/mL of compound 1H (dilution 1 in
acetonitrile, see Table 4) to 25mL with distilled water.  The spiked sample contained 
50ng of compound 1H. The 25mL of sample solution was passed through the SPE tube.
The compound was eluted from the tube with 5mL of acetonitrile.  The eluent was
concentrated to approximately 200µL and diluted to 500µL with water and analyzed with
200µL injections containing 20ng of compound 1H. Similar concentrations were
   






           
           
    







      
    
    
   
  
  








      
     
 
65 
detected for compound 2H-6H, approximately 2-4ng/mL.  Therefore, the detection limit
in water for the SPE experiments was determined to be 2-4ppb.




Amt on Column (ng)
2H
S/N Amt on Column (ng) S/N 
3H
Amt on Column (ng)
Reproduc. ACN 1.4/1 12.5 3.2/1 20 2.8/1 12.8
Reproduc. H2O 2.0/1 10 3.3/1 16 3.2/1 10.2
4-1 2.7/1 20 2.2/1 32 2.9/1 20.4
4-2 1/1 20 1/1 32 1.2/1 20.4
5-1 4.6/1 20 4/1 32 3.2/1 20.4
5-2 2.7/1 20 2/1 32 1.6/1 20.4
5-3 1.8/1 20 2.9/1 32 2.6/1 20.4
Experiment S/N 
4H
Amt on Column (ng)
5H
S/N Amt on Column (ng) S/N 
6H
Amt on Column (ng)
Reproduc. ACN 3.1/1 13.8 3.1/1 15.5 5.0/1 23.3
Reproduc. H2O 5.2/1 11 4.5/1 12.4 8.4/1 18.6
4-1 5.6/1 22 3.6/1 24.8 5.3/1 37.2
4-2 3.4/1 22 2.2/1 24.8 3.2/1 37.2
5-1 13.5/1 22 10.5/1 24.8 14.3/1 37.2
5-2 3.3/1 22 2.9/1 24.8 3.5/1 37.2
5-3 6.7/1 22 6.0/1 24.8 7.9/1 37.2
Table 21: Concentrations of OH-PCBs in SPE Experiments
Experiment 1H
OH-PCB Concentration (ng/mL) 
2H 3H 4H 5H 6H
4-1 2 4 2.04 2.2 2.48 3.72 
4-2 2 4 2.04 2.2 2.48 3.72 
5-1 2 4 2.04 2.2 2.48 3.72 
5-2 2 4 2.04 2.2 2.48 3.72 















     
    
     
   
 
   
 
   
 
  
    
  
   
CHAPTER VI
CONCLUSION 
Six PCMBs were successfully synthesized using the Suzuki coupling method.
The corresponding OH-PCBs were successfully synthesized by demethylating the 
PCMBs.  The PCMB structures were confirmed by GC/MS, IR, and NMR data. The 
OH-PCB structures were confirmed by GC/MS.
A method using SPE coupled with LC/ESI/MS was tested for detection of OH-
PCBs in distilled and surface water samples.  The detection limit in water for the SPE
experiments was determined to be 2-4ppb. This amount is reasonable for expected limits
observed in environmental water samples.  Current GC/MS analytical methods for PCB
detection in water samples generally detect at low µg/L or ppb, with some limits down to
ppt (35).
It was determined that the best recovery of analytes using the SPE column might
be obtained by using no filtration step, if possible, and not concentrating the eluent before
injecting the sample in the LC/ESI/MS.  The optimal LC conditions are dependent on the 
column used and the solvent system.  A solvent system with 75% acetonitrile and 25%
water was determined to provide optimal separation of the six OH-PCBs with a flow rate
of 0.9mL/min.  A post column infusion of base solution of 10% ammonium hydroxide
was used to enhance anion formation.  Optimal MS conditions include scanning in 
negative mode and using ion selectivity if the molecular ions are known. 
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This method is satisfactory for detection of these analytes in surface water and
should be useful for detecting other tetrachloro and pentachlorobiphenylols isomers under
the same conditions.  Use of this method alone would not allow for the specific
assignment of structures of unknown analytes.  Further research is necessary for this
method to be more quantitative for unknown samples.  The conditions mentioned in the









   
 
   
 
 
   
 
 










   
  
 
















1 Bergman, A., E. Klasson-Wehler, and H. Kuroki., Selective Retention of
2 Hydroxylated PCB Metabolites in Blood, Environmental Health Perspectives, 102 
(1994), 464-469.
3 Bergman, A., E. Klasson Wehler, H. Kuroki, and A. Nilsson. Synthesis and Mass
Spectrometry of Some Methoxylated PCB, Chemosphere, 30 (1995), 1921-1938.
4 Bolgar, Michael, James Cunnigham, Russell Cooper, Richard Kozloski, Jack
Hubball, Don P. Miller, Terry Crone, Harry Kimball, Anita Janooby, Barry Miller,
and Billy Fairless. Physical, Spectral, and Chromatographic Properties of All 209 
Individual PCB Congeners, Chemosphere, 31 (1995), 2687-2705.
5 Haraguchi, Koichi, Yoshihisa Kato, Ryohei Kimura and Yoshita Masuda.
Comparative Study in Formation of Hydroxy and Sulfur-Containing Metabolites
from Different Chlorinated Biphenyls with 2,5-Substitution in Rats, Drug 
Metabolism and Disposition, 25 (1997), 845-852.
6 Lehmler, Hans-Joachim and Larry W. Robertson Synthesis of Hydroxylated PCB
Metabolites with the Suzuki-Coupling, Chemosphere, 45 (2001), 1119-1127.
7 Lehmler, Hans-Joachim and Larry W. Robertson Synthesis of Polychlorinated
Biphenyls (PCBs) Using the Suzuki-Coupling, Chemosphere, 45 (2001), 137-143.
8 Mannila, Erkki, Erkki Kolehmainen, and Kari Rissanen. Hydroxylated PCB
Derivatives. Synthesis and Structure Elucidation by NMR Spectroscopy and X-Ray
Diffraction, Acta Chemica Scandinavica, 48 (1994), 684-688.
9 Sandau, Courtney D., Pierre Ayotte, Eric Dewailly, Jason Duffe, and Ross J.
Norstrom. Analysis of Hydroxylated Metabolites of PCBs (OH-PCBs) and Other
Chlorinated Phenolic Compounds in Whole Blood from Canadian Inuit,
Environmental Health Perspectives, 108 (2000), 611-616.
10 Van den Hurk, Peter, Gerhard A. Kubiczak, Hans-Joachim Lehmler, and Margaret
O. James. Hydroxylated Polychlorinated Biphenyls as Inhibitors of the Sulfation
and Glucuronidation of 3-hydroxy-benzo[a]pyrene, Environmental Health
Perspectives, 110 (2002), 343-348. 
68 
   


































    
   
 
 




11 Shiraishi, F., T. Okumura, M. Nomachi, S. Serizawa, J. Nishikawa, J. S. Edmonds,
H. Shiraishi, and M. Morita. Estrogenic and Thyroid Hormone Activity of a Series
of Hydroxy-Polychlorinated Biphenyls, Chemosphere, 52 (2003), 33-42.
12 Morse, Dennis C., Eva Klasson Wehler, Wendelien Wesseling, Jan H. Koeman, and
Abraham Brower. Alterations in Rat Brain Thyroid Hormone Status Following Pre-
and Postnatal Exposure to Polychlorinated Biphenyls (Aroclor 1254), Toxicology 
and Applied Pharmacology, 136 (1996), 269-279.
13 Kato, S., J. D. McKinney, and H. B. Matthews. Metabolism of Symmetrical
Hexachlorobiphenyl Isomers in the Rat, Toxicology and Applied Pharmacology, 53 
(1980), 389-398.
14 Olsson, Anders, Karin Ceder, Ake Bergman, and Bjrn Helander. Nestling Blood of
the White-Tailed Sea Eagle (Haliaeetus albicilla) as an Indicator of Territorial
Exposure to Organohalogen Compounds- An Evaluation, Environmental Science &
Technology, 34 (2000), 2733-2740.
15 Phillipson, Douglas W. and Bartholomew J. Puma, Identification of Chlorinated 
Methoxybiphenyls as Contaminants in Fish and as Potential Interferences in the
Determination of Chlorinated Dibenzo-p-dioxins, Analytical Chemistry, 52 (1980),
2326-2332.
16 White, Renee D., Damian Shea, Jennifer J. Schlezinger, Mark E. Hahn, and John J.
Stegeman. In Vitro Metabolism of Polychlorinated Biphenyl Congeners by Beluga 
Whale (Delphinapterus leucas) and Pilot Whale (Globicephala melas) and
Relationship to Cytochrome P450 Expression, Comparative Biochemistry and 
Physiology Part C, 126 (2000), 267-284.
17 Garrett, Reginald H. and Charles M. Grisham, Biochemistry 2nd ed. Saunders College 
Publishing, 1999, 87, S-39.
18 Kester, Monique H.A., Sema Bulduk, Dick Tibboel, Walter Meinl, Hansruedi Glatt,
Charles N. Falany, Michael W.H. Coughtrie, Ake Bergman, Stephen H. Safe, George
G. J. M. Kuiper, A. Gerlienke Schuur, Abraham Brouwer, and Theo J. Visser. 
Potent Inhibition of Estrogen Sulfotransferase by Hydroxylated PCB Metabolites: A
Novel Pathway Explaining the Estrogenic Activity of PCBs, Endocrinology, 141
(2000), 1897-1900.
19 Schuur, Gerlienke A., Abraham Brouwer, Ake Bergman, Michael W. H. Coughtrie,
and Theo J. Visser. Inhibition of Thyroid Hormone Sulfation by Hydroxylated 
Metabolites of Polychlorinated Biphenyls, Chemico-Biological Interactions, 109 
(1998), 293-297.
   














   
 







   
 
   
 
 
















20 Moron, Maria, Gran Sundstrm, and Carl Axel Wachtmeister. 2,3,7,8-
Tetrachlorodibenzo-furan, a Critical Byproduct in the Synthesis of 2,2,4,4,5,5-
Hexachlorobiphenyl by the Ullmann Reaction, Acta Chemica Scandinavica, 27
(1973), 3121-3122.
21 Hennings, D. David, Tetsuo Iwama, and Viresh H. Rawal. Palladium-Catalyzed 
(Ullmann-Type) Homocoupling of Aryl Halides: A Convenient and General
Synthesis of Symmetrical Biaryls via Inter- and Intramolecular Coupling Reactions,
Organic Letters, 1 (1999), 1205-1208.
22 Cadogan, J. I. G., A Convenient New Method of Aromatic Arylation, Journal of
the Chemical Society, Abstracts (1962), 4257-4258.
23 Bolton, Roger and John P.B. Sandall, Nucleophilic Displacement in
Polyhalogenoaromatic Compounds. Part 3. Kinetics of Protiodeiodination of
Iodoarenes, Journal of Chemical Society Perkin II, (1976), 278-280.
24 Holmes, William, The Use of Post-Column Reaction Micro LC Coupled to ESI-MS
for the Determination of Phenoxy Acid Herbicides, 46th ASMS Conference on Mass 
Spectrometry and Allied Topics, June 1998, Orlando, FL.
25 Infrared Absorption Frequencies, http://science.csustan.edu/tutorial/ir/index.htm, 
created February 22, 2000, accessed October 2004.
26 McMurray, John, Organic Chemistry 5th ed. Brooks/Cole, 2000, 458.
27 Settle, Frank editor, Handbook of Instrumental Techniques for Analytical Chemistry. 
Prentice Hall PTR, 1997, 267.
28 Carey, Francis A., Organic Chemistry 3rd ed. The McGraw Hill Companies, Inc., 
1996, 539, 544.
29 Jáuregui, O. E. Moyano, and M. T. Galceran. "Capillary Electrophoresis-
Electrospray Ion-Trap Mass Spectrometry for the Separation of Chlorophenols," 
Journal of Chromatography A, 896 (2000), 125-133.
30 Petrović, Mira and Damià Barcel Determination of Anionic and Nonionic
Surfactants, Their Degradation Products, and Endocrine-Disrupting Compounds in
Sewage Sludge by Liquid Chromatography/ Mass Spectrometry, Analytical 
Chemistry, 72 (2000), 4560-4567.










   











31 Sánchez-Rabaneda, Ferran, Olga Jáuregui, Isidre Casals, Cristina Andrés-Lacueva,
Maria Izquierdo-Pulido, and Rosa M. Lamuela-Ravents. Liquid Chromatographic/ 
Electrospray Ionization Tandem Mass Spectrometric Study of the Phenolic
Composition of Cocoa (Theobroma cacao), Journal of Mass Spectrometry, 38 
(2003), 35-42.
32 Pérez-Magario, S. I. Revilla, M. L. González-SanJosé, and S. Beltrán. Various
Applications of Liquid Chromatography-Mass Spectrometry to the Analysis of
Phenolic Compounds, Journal of Chromatography A, 847 (1999), 75-81.
33 Zeng, Eddy Y., C. C. Chou, and Charlie Yu. Potential Application of Gas
Chromatography/ Tandem Mass Spectrometry in the Measurement of Coeluting 
Isomers, Analytical Chemistry, 74 (2002), 4513-4518.
34 Koester, Carolyn J., Staci L. Simonich, and Bradley K. Esser. Environmental
Analysis, Analytical Chemistry, 75 (2003), 2813-2829.
35 Toxilogical Profile for Polychlorinated Biphenyls (PCBs), Agency for Toxic 


















GAS CHROMATOGRAPHY/ MASS SPECTROMETRY DATA
72 
















1 2 3 4 5 6 7 8 9 
m in u te s  
0 .0 0  
0 .2 5  
0 .5 0  
0 .7 5  
1 .0 0  
1 .2 5  
M  C ou n ts  
0 
1 0  
2 0  
3 0  
4 0  
5 0  
6 0  
7 0  
M  C ou n ts  
0 
2 5  
5 0  
7 5  
1 0 0  
1 2 5  
M  C ou n ts  
0 
2 5  
5 0  
7 5  
M  C ou n ts  
0 
1 0  
2 0  
3 0  
4 0  
5 0  
6 0  
M  C ou n ts  
R IC  al l  2 34 c l1 i .m  s  
R IC  al l  6 25 0 3 m e o.m s  
R IC  al l  4 br 26 c l.m  s  
R IC  al l  6 25 0 3 oh .m s  








Figure A.1: GC Chromatograms of Materials Used in Preparation of
Methoxypolychlorobiphenyls
   

























203 216 237 274 311 339 
Spect 1 
3.250 min. Scan: 195 Chan: 1 Ion: 10 us RIC: 82607849 BC BP 176 (22605266=100%) 62503meo.ms 
Figure A.2: 2,6-dichloroanisole GC/ Mass Spectrum
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5.583 min. Scan: 335Chan: 1 Ion: 10 us RIC: 45218480 BC BP 256 (7090812=100%) 62503meo.ms 
Figure A.3: 4-bromo-2,6-dichloroanisole GC/ Mass Spectrum
   

























8.367 min.Scan: 502 Chan: 1 Ion: 10 us RIC: 98480675 BC BP 276 (20575560=100%) 62503oh.ms 
Figure A.4: 4-bromo-2,3,6-trichlorophenol GC/ Mass Spectrum
y 
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7.983 min. Scan: 479 Chan: 1 Ion: 10 us RIC: 72017482 BC BP 290 (15174424=100%) 71033br.ms 
Figure A.5: 4- bromo-2,3,6-trichloroanisole Mass Spectrum 
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Figure A.6: GC Chromatograms of Methoxypolychlorobiphenyls 1-6 
   
































14.833 min. Scan: 890 Chan: 1 Ion: 30 us RIC: 4773746 BC BP 307 (430724=100%) sc1121co.ms 
Figure A.7: 2,3,3,5-tetrachloro-4-methoxybiphenyl GC/ Mass Spectrum
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13.951 min. Scan: 837 Chan: 1 Ion: 10us RIC: 15326183 BC BP 307 (1529694=100%) sc3435.ms 
Figure A.8: 3,3,4,5-tetrachloro-4-methoxybiphenyl GC/ Mass Spectrum
   































15.083 min. Scan: 905 Chan: 1 Ion: 15us RIC: 9193161 BC BP 307 (988036=100%) sc21103.ms 
Figure A.9: 3,3,5,5-tetrachloro-4-methoxybiphenyl GC/ Mass Spectrum
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15.732 min. Scan: 944 Chan:1 Ion: 10 us RIC: 19075410 BC BP 356 (2199493=100%) 111964.ms 
Figure A.10: 2,2,3,3,5-pentachloro-4-methoxybiphenyl GC/ Mass Spectrum
   

































16.317 min. Scan: 979 Chan: 1 Ion: 86us RIC: 1934107 BC BP 356 (143791=100%) 34235.ms 
Figure A.11: 2,3,3,4,5-pentachloro-4-methoxybiphenyl GC/ Mass Spectrum

















3.283 min.Scan: 197 Chan: 1 Ion: 124 us RIC: 997603 BC BP 182 (184195=100%) sc21703.ms 
Figure A.12: Trichlorobenzene GC/ Mass Spectrum
   






















15.966 min. Scan: 958 Chan: 1 Ion: 228 us RIC: 694559 BC BP 356 (50646=100%) sc21703.ms 
Figure A.13: 2,3,3,5,5- pentachloro-4-methoxybiphenyl GC/ Mass Spectrum
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RIC all 2335dme.ms 
RIC all 3435dme.ms 
RIC all 3535dme.ms 
RIC all 23235dme.ms 
RIC all 34235dme.ms 












2,3,3,5,5- pentachloro -4-biphenylol 





Figure A.14: GC Chromatograms of Polychlorobiphenylols 1H-6H 



































14.766 min. Scan: 886 Chan: 1 Ion: 1113 us RIC: 145545 BC BP 308 (24019=100%) 2335dme.ms 
Figure A.15: 2,3,3,5-tetrachloro-4-biphenylol GC/ Mass Spectrum















15.648 min. Scan: 939 Chan: 1 Ion: 179 us RIC: 882830 BC BP 308 (156393=100%) 3435dme.ms 
Figure A.16: 3,3,4,5-tetrachloro-4-biphenylol GC/ Mass Spectrum
   

































15.050 min. Scan: 903 Chan: 1 Ion: 349 us RIC: 522268 BC BP 308 (88947=100%) 3535dme.ms 
Figure A.17: 3,3,5,5-tetrachloro-4-biphenylol GC/ Mass Spectrum















15.784 min. Scan: 947 Chan: 1 Ion: 855 us RIC: 191228 BC BP 342 (21269=100%) 23235dme.ms 
Figure A.18: 2,2,3,3,5- pentachloro -4-biphenylol GC/ Mass Spectrum

































16.599 min. Scan: 996 Chan: 1 Ion: 4028 us RIC: 16839 BC BP 342 (2443=100%) 34235dme.ms 
Figure A19: 2,3,3,4,5-pentachloro -4-biphenylol GC/ Mass Spectrum















15.949 min. Scan: 957 Chan: 1 Ion: 26us RIC: 6701796 BC BP 342 (1102897=100%) 23535oh.ms 


























Figure B.1: Compound 1 IR Spectrum










Figure B.2: Compound 2 IR Spectrum










Figure B.3: Compound 3 IR Spectrum










Figure B.4: Compound 4 IR Spectrum










Figure B.5: Compound 5 IR Spectrum















    





      
     








Figure B.6: Compound 6 IR Spectrum
Table B.1: Summary of IR Data for PCMBs
Major Peaks (cm-1) 
in the Ar-H
region




1 2 3 4 5 6 
3069 3070 3077 3014 3004 3055 
3059 3006 3002 2992 2991 3004 
3005 2959 2994 2952 2951 2990 
2992 2942 2952 2922 2923 2948 
2950 2870 2872 2851 2851 2922 
2836 2854 2853 2852 
2834 2835 
1416 1462 1544 1409 1455 1483 
1370 1258 1487 1001 1135 1257 
1260 992 1418 830 1004 990 
990 869 1355 781 801 750 
809 803 984 643 612 658 
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1H & 4H 
0722SA02.d: TIC ±All, Smoothed (9.2,3, SG) 
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0721SA00.d: TIC ±All, Smoothed (9.2,3, SG) 
       
Figure C.1: LC Chromatograms of Decreasing Concentrations of OH-PCBs 1H-6H from
Standard Curve Experiments in Acetonitrile
   
   
 












Figure C.1 contains LC chromatograms obtained from analyses of five
acetonitrile solutions containing the six OH-PCB compounds.  The five solutions were
serial dilutions of a stock solution, see Table C.1 for the concentrations of each analyte.
The data from these analyses were used to create standard curves for each of the six OH-
PCBs.
Table C.1: Concentrations of OH-PCBs 1H-6H from




3H 4H 5H 6H
1 5 8 5.1 5.5 6.2 9.3 
2 0.5 0.8 0.51 0.55 0.62 0.93 
2-3 0.125 0.2 0.1275 0.1375 0.155 0.2325 
3 0.05 0.08 0.051 0.055 0.062 0.093 



























0724SA00.d: TIC ±All, Smoothed (9.2,3, SG) 
0724SA06 d: TIC ±All, Smoothed (9.2,3, SG) 
0723SA00.d: TIC ±All, Smoothed (9.2,3, SG) 
0724SA02.d: TIC ±All, Smoothed (9.2,3, SG) 
0724SA01.d: TIC ±All, Smoothed (9.2,3, SG) 





































5 10 15 20 25 30 Time [min]       
Figure C.2: LC Chromatograms of Decreasing Concentrations of OH-PCBs 1H-6H 
from Standard Curve Experiments in Water 
Figure C.2 contains LC chromatograms obtained from analyses of five water
solutions containing the six OH-PCB compounds.  The five solutions were serial
dilutions of a stock solution, see Table C.2 for the concentrations of each analyte.  The 
data from these analyses were used to create standard curves for each of the six OH-
PCBs.
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Table C.2: Concentrations of OH-PCBs 1H-6H from
Standard Curve Experiments in Water 
Dilution
Label 1H 2H 
Concentration in µg/mL
3H 4H 5H 6H
1 0.5 0.8 0.51 0.55 0.62 0.93 
1-2 0.25 0.4 0.255 0.275 0.31 0.465 
2 0.05 0.08 0.051 0.055 0.062 0.093 
2-3 0.0125 0.02 0.01275 0.01375 0.0155 0.02325
3 0.005 0.008 0.0051 0.0055 0.0062 0.0093 
Figure C.3: LC/Mass Spectra of a Tetrachlorobiphenylol and a Pentachlorobiphenylol
in Acetonitrile
Figure C.4: LC/Mass Spectra of a Tetrachlorobiphenylol and a Pentachlorobiphenylol
in Water
97 
Figures C.3 and C.4 contain mass spectra where an ion was selected within a 
window of 3amu for detection of the OH-PCBs, 308.5 for the tetrachlorobiphenylol and 
342.5 for the pentachlorobiphenylol.  Analytes in Figure C.3 were in acetonitrile, and 
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0721SA04.d: TIC ±All, Smoothed (9.2,3, SG) 
0721SA05.d: TIC ±All, Smoothed (9.2,3, SG) 
0721SA06.d: TIC ±All, Smoothed (9.2,3, SG) 
0721SA08.d: TIC ±All, Smoothed (9.2,3, SG) 
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Figure C.5: LC Chromatograms of OH-PCBs 1H-6H from Reproducibility Studies
in Acetonitrile
Figure C.5 contains seven LC chromatograms obtained from analyses of dilution
2-3 (in Table C.1) containing the six OH-PCB compounds. The data from these analyses
were used to determine reproducibility for detecting each of the six OH-PCBs. 
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Figure C.6: LC Chromatograms of OH-PCBs 1H-6H from Reproducibility Studies
in Water
Figure C.6 contains seven LC chromatograms obtained from analyses of dilution
2 (in Table C.2) containing the six OH-PCB compounds. The data from these analyses
were used to determine reproducibility for detecting each of the six OH-PCBs.
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SPE Experiment 1 
SPE Experiment 2 
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SPE Distilled Water
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Figure C.7: LC Chromatograms of OH-PCBs from SPE Experiments 1, 2, 3, and 
Distilled Water Control
Figure C.7 contains LC chromatograms obtained from experiments coupling solid
phase extraction with LC/ESI/MS.  SPE experiments 1and 2 analyzed detection of
compound 4H when it was spiked onto an SPE column. A control experiment was
performed using only distilled water spiked onto an SPE column.  SPE experiment 3 
analyzed detection of the six OH-PCBs spiked onto an SPE column. 
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Figure C.8: LC Chromatograms of OH-PCBs 1H-6H from SPE Experiments 4-1 and 4-2 
Figure C.8 contains LC chromatograms obtained from experiments coupling solid
phase extraction with LC/ESI/MS.  SPE experiments 4-1and 4-2 analyzed detection of all
six OH-PCBs spiked into a distilled water solution and then extracted on an SPE column.
Analytes in SPE experiment 4-1 (and all other SPE experiments except 4-2) were
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Figure C.9: LC Chromatograms of OH-PCBs 1H-6H from SPE Experiments 5-1, 5-2,
5-3, and Surface Water Controls
Figure C.9 contains LC chromatograms obtained from experiments coupling solid
phase extraction with LC/ESI/MS.  SPE experiments 5-1, 5-2, and 5-3 analyzed detection
of all six OH-PCBs spiked into a surface water solution and then extracted on an SPE
column.  SPE experiments 5-1 and 5-2 were performed using surface water from different
locations.  SPE experiment 5-3 was performed using the same surface water as in
experiment 5-1; however, the sample was not filtered (as it was for experiments 5-1 and 
5-2) before extracting on the SPE column. 
